The impact of low humidity in ambient air on water relations, nitrate uptake, and translocation of recently absorbed nitrogen, was investigated in 5-week-old tomato {Lycopersicon esculentum Mill cv. Ailsa Craig) plants grown hydroponically in a complete nutrient solution. Plants were subjected to dry air (relative humidity 2-4%) for 6 h. The transpiration rate increased several-fold and the shoot water content decreased by almost 20%, whereas root water content was unaffected. No effect on in vitro nitrate reductase (NR) activity was detected when using an EDTA-containing assay buffer. Replacement of EDTA with Mg 2 + revealed a significant decline in shoot NR activity, which suggests phosphorylation of the enzyme during the stress treatment. Plants were grown in a split-root system, in which one root half was fed 1s N-nitrate during the treatment, in order to determine nitrate uptake and translocation of recently absorbed nitrogen in the plants. Uptake of nitrate was substantially inhibited, but the proportion of absorbed 1S N that was translocated to the shoots was only slightly affected. In untreated plants, 71% of the 1S N recovered in roots had been retranslocated from the shoots, whereas in plants subjected to stress the delivery of 19 N from shoots to roots appeared to be completely inhibited. The data show that lowered humidity in air has significant effects on both uptake of nitrate as well as translocation of nitrogen within the plants. Some of these effects appear to be common with those observed in plants subjected to reduced water potentials in the root environment and point to the possibility of the shoot water relations being highly influential on nitrogen uptake and translocation.
Introduction
Plants experiencing low water potentials in their environment show a variety of physiological and metabolic responses, including increased stomatal resistance (Chaves, 1991) , reduced rates of CO 2 assimilation (Morgan, 1984; Zrenner and Stitt, 1991) , altered hormone levels (Zeevart and Creelman, 1988; Davies and Zhang, 1991) , and changes in gene expression (Guerrero and Mullet, 1988; Creelman and Mullet, 1991; Bray, 1993) . Water stress might also affect the acquisition of different nutrients such as phosphorus (Pugnaire and Chapin, 1992; Beyrouty et al., 1994) and nitrogen (Talouizite and Champigny, 1988; Larsson et al., 1989) . Nitrogen (N) is available to the plants predominantly as nitrate in wellfertilized soils. Absorbed nitrate has to be reduced to ammonium in the plant before it can be utilized for synthesis of amino acids, proteins and other organic molecules. The primary enzyme involved in nitrate reduction is nitrate reductase (NR), which catalyses the reduction of nitrate to nitrite, and which normally is present in both roots and shoots. Both nitrate and reduced N are translocated in the xylem, whereas reduced N is predominantly translocated in the phloem. Furthermore, cycling of N between roots and shoots may be substantial (Cooper and Clarkson, 1989; Larsson et al., 1991) , in plants subjected to N limitation as well (Mattsson et al., 1993; Agrell et al., 1994) . The translocation and assimilation steps may be affected by water stress, the consequence being less N for protein synthesis and growth, and/or altered distribution of the absorbed nitrate within the plants.
Experimentally, the usual way of imposing stress on intact plants is to lower the water potential of the root environment, e.g. by addition of osmotica to the nutrient solution or by soil drying. However, during hot summer days the shoots may wilt visibly even though the roots are in soil close to field capacity (Kramer, 1988) , and this is due to a higher initial evapotranspiration rate than water uptake. It is important to understand how plants react to such short-term shoot water stress conditions since, in the long term, growth rate and growth pattern might be affected by this kind of stress. The present study concerns nitrate uptake, nitrate reductase activity in shoots and roots, and translocation of recently absorbed N in tomato plants affected by shoot water stress. Plants growing in hydroponics were subjected to a stream of air of low humidity for 6 h, so that primarily the shoots were being the parts stressed. This treatment caused a 20% water loss in shoots, whereas the root water content remained unaffected.
Materials and methods

Plant material and cultivation
Seeds of tomato (Lycopersicon esculentum Mill cv. Ailsa Craig, obtained from Svalflf Weibull AB, Landskrona, Sweden) were germinated in vermiculite. After 2 weeks, the seedlings were transferred, three plants I" 1 , to a full-strength nutrient solution (macronutrient composition: 1.5 mM Ca(NO 3 ) 2 , 5.0 mM KNO 3 , 1.0 mM KH 2 PO 4 , 1.5 mM MgSO 4 , and 2.0 mM NaNO 3 ), in which they were grown for three more weeks. The solution was changed twice a week. A growth chamber was used in which the photoperiod was 16 h (photon flux density 180 /xmol m~2 s~' in the spectral range 400-700 nm, using General Electric F 96 PG17-Cwx Power Groove fluorescent tubes), the temperature 21 °C, and the relative humidity 70%. Experiments were performed on 5-week-old plants having average fresh weights of 3-4 g with 70-75% of the biomass partitioned to the shoots.
Manipulation of air humidity
To be able to manipulate the air humidity, two 10 1 perspex hoods were constructed with holes for inlet and outlet of air. In each hood, 8-12 plants at a time were enclosed, with their roots in a complete nutrient solution (the treatment of plants used for 15 N-labelling was slightly modified, see below) isolated from the hood with styrofoam to avoid undesired evaporation from the surface. Humid air (relative humidity approximately 80%) was gently blown over the shoots, at a flow rate of 2.5 1 min"" 1 , for 3 h. After this period of acclimation, the plants in one of the hoods were exposed to an airstream of the same flow rate, but with a relative humidity of 2-4%. for 6 h. whereas there was no change in either air humidity (80%), or air flow (2.5 1 min" 1 ), in the hood used as control.
Transpiration and water status
Transpiration was determined as the decrease in weight of container plus plants after correction for surface evaporation from identically treated containers without plants. Tissue water content was calculated separately for roots and shoots, as the difference between fresh weight and dry weight, divided by the dry weight.
Nitrate reductase (NR) activity
Samples of roots (briefly washed in distilled water after harvest) and shoots, corresponding to 1-2 g, were ground with a pestle and mortar in liquid nitrogen and further homogenized in 5 ml 100 mM potassium phosphate buffer (pH 7.5) containing 10 M M FAD, 3mM DTT, 5 mM EDTA, and 1% BSA. The extracts were centrifuged at 30 000 g for 10 min. Samples of 200 jul supernatant were incubated for 15 min at 30 °C in 900 fA 50 mM potassium phosphate buffer (pH 7.5) containing 10 fiM FAD, 10 mM K.NO 3) 1 mg NADH, and 5 mM EDTA. 20 min after the addition of 500 p] of 1% (w/v) sulphanilamide in 2.4 M HC1 and 500 p\ 0.02% (w/v) N-( l-naphthyl)-ethylenediamine dihydrochloride to each sample, the amount of nitrite formed was measured colorimetrically at 540 nm. The Mg-sensitivity of the in vitro NR activity was checked using an incubation medium in which EDTA was replaced by 5 mM MgCl 2 .
™N-Labellmg experiments
Studies of 15 N-labelling and translocation of recently absorbed 1J N were performed using a modified experimental protocol. Seven days before the labelling experiment started, the root system was gently divided into two equally-sized parts, as judged by eye. The two root parts were placed in individual root compartments ('split-root' culture). Pilot studies showed that nitrate uptake in young tomato plants was extremely sensitive to handling perturbations (cf. Bloom and Sukrapanna, 1990) , causing the plants to rely on internal nitrate stores rather than external nitrate. To enable studies of relationships between uptake of nitrate and translocation of recently absorbed N, and the effects of shoot water stress on these processes, plants were depleted of nitrate for 4 d before the labelling experiment started (the composition of all other nutrients was unchanged, see above), except for a 6h exposure to 100 ^M NO3" after 48 h of N-depletion, to maintain induction of the nitrate assimilatory system. After the N-free treatment, 100 /xM NO 3w as introduced to the root compartments (without changing the composition of the other nutrients). In one of the compartments (donor roots) the NO 3 " was enriched to 30% with 15 N (99.6 atom% 15 N in KNO 3 , Isotec Inc., Miamisburgh, OH, USA). Experiments with shoot water stress, and corresponding control treatment (see above) were performed after 18 h of labelling (6 h into the light phase of the diurnal cycle) and lasted for 6 h. Plants were harvested every second hour. After harvest, the plants were divided into shoots, donor roots (fed 15 N-NO 3 "") and receiver roots (fed unlabelled NO 3 "). The root parts were thoroughly rinsed in distilled water before being freeze-dried and powdered.
Uptake, translocation to shoots and translocation from shoots to roots could subsequently be calculated from the labelling data for the period of 18-24 h labelling, following previously described techniques (Cooper and Clarkson, 1989; Larsson et al., 1991; Larsson, 1992) . Total N andtwo methods. (1) Samples were analysed in a model 1500 Nitrogen Analyser (Carlo Erba Strumentazioni, Milan, Italy) coupled to a Tracermass Stable Isotope Analyser (Europa Scientific, Crew, UK). (2) Samples were digested in concentrated sulphuric acid containing 0.5% salicylic acid and titrated in a Kjeltec automatic Kjeldahl analyser (Tecator AB, Hoganas, Sweden) for determination of tissue nitrogen. The titrated samples were further treated according to Volk and Jackson (1979) to analyse 15 N enrichment. The samples were drie_d and transferred to 3 ml flasks. During argon flushing, 500 /*1 preflushed distilled water was added on top of each sample and frozen. On top of that layer, 500 ^.1 of a Br-NaOH solution (8 ml Br 2 in 40 ml 40% NaOH, diluted to 100 ml with water) was added. The frozen samples were sealed with septum lids and frozen until further analysis. After thawing, 10/^1 of the gas phase (containing N 2 ) was injected into a gas chromatograph-mass spectrometer system (models 5890A and 5970B, respectively, Hewlett Packard, Palo Alto, CA, USA). The relative abundance of mass numbers 28, 29, 30 ( 14 N 2 , 14 N-15 N, 15 N 2 ) and 32 (O 2 ) were determined in order to calculate the ratio between 1! N and 14 N, and the amount of contaminating air.
Replication of experiments
Experimental data for each of the physiological characteristics were collected from 3-5 experiments. Each determination was performed in duplicates or triplicates. Tissue samples used for total N and 15 N determinations contained material from 2-3 plants. The bars in each figure represents SD. Figure 4 is based on data from one experiment only due to differences in background labelling between experiments, even though the same trend was observed in all experiments.
Results
Water relations
The control plants showed stable water contents in roots as well as in shoots throughout the 6 h the experiment lasted. Shoots contained approximately 6.5 g H 2 O g" 1 DW whereas the roots contained approximately twice as much (Fig. 1) . In plants subjected to dry air for 6 h no change in water content was detected in the roots (Fig. 1A) . In shoots, on the other hand, the reduction in air humidity strongly affected water relations: within 4 h Low air humidity and N translocation 857 the shoot water content had decreased by almost 20%, whereas during the following 2 h no further water loss seemed to occur (Fig. IB) . The loss of water in the shoots of stressed plants was accompanied by a marked increase in transpiration rates. Compared to control plants, which lost 0.5 g H 2 O g" 1 shoot DW h" 1 due to evapotranspiration throughout the experiment, stressed plants showed a 7-fold increase in transpiration rate during the first 2 h of treatment (Fig. 2) . Transpiration rate declined somewhat over the next 4 h, although it remained substantially higher than in control plants.
Nitrate reductase activity
When in vitro NR activity was assayed in shoots and roots of treated and untreated plants, using an incubation buffer containing 5 mM EDTA, the activity of the enzyme did not seem to be affected by the treatment with dry air; it did not differ in the differently treated plants and also remained constant independent of treatment ( Fig. 3A) . In order to assess whether a phosphorylation-related inactivation of NR was concealed in these data, EDTA in the incubation buffer was replaced by 5 mM MgCl 2 . The addition of Mg 2+ brought about a strong and rapid decline in shoot NR activity in the treated plants, so that by the end of the experiment the activity had declined to 40% of the activity in control plants (Fig. 3B) . In roots, however, NR activity was unaffected by reduced air humidity, independent of whether Mg 2+ was present or not.
A/-/abe///ng
In control plants, the 15 N-labelling increased with time in all three plant parts, i.e. shoots, donor roots and receiver roots (Fig. 4A) . Enrichment in donor roots was considerably higher than in shoots and receiver roots. In plants subjected to low humidity in ambient air, the pattern of labelling differed substantially from that of control plants. The increase in 15 N-enrichment, although linear, was slower in both shoots and donor roots compared to control plants (Fig. 4B) . In receiver roots, however, 
Uptake of NO3 and translocation of N within the plant
The pattern of translocation of recently absorbed N to different parts of the plant was calculated from data in to the shoots (Fig. 5A ). Stressed plants absorbed nitrate at only half the rate, 1.05 mg N g" 1 DW h" 1 , of which 75% was translocated to the shoots (Fig. 5B) . Of the total recovery in roots in control plants (0.66 mg Ng" 1 DW h" 1 ), 71% appeared to be delivered from the shoots by the phloem. Plants exposed to dry air showed a quite different translocation pattern, where no retranslocation of N appeared to take place from the shoots to the roots. The N recovered in roots of these plants seemed to have been retained entirely in the root after absorption.
Discussion
Effects of low air humidity on water relations
The water status of plants is tightly coupled to water potentials in the root environment. This is reflected in literature where emphasis has been placed on the roots as primary sensors of water deficits, as well as their secondary influence on shoot water status and different physiological processes (Larsson et al., 1989; Davies and Zhang, 1991; Roy-Macauley et al., 1992; Blum and Johnson, 1993) . In the majority of studies concerned with the impact of water stress on acquisition of nitrogen, the plants have been stressed either by addition of PEG to nutrient solutions (Morgan, 1984; Talouizite and Champigny, 1988; Larsson et al., 1989; Larsson, 1992; Chazen and Neumann, 1994) or by withdrawing irrigation of soils (Nonami and Boyer, 1990; Davies et al., 1994; Fambrini et al., 1994) . Consequently, the roots have been the primary targets. However, although access to water by roots is of vital importance for plant survival and growth, it should be remembered that the shoots can also be directly subjected to drought (Kramer, 1988) . In hot weather, temporary midday water deficits may occur in shoots even though the soil is close to field water capacity (Taylor and Willatt, 1983; Kramer, 1988) . In the present study, the shoots were used as primary targets for reduced Low air humidity and N translocation 859 environmental water potentials, by subjecting them to dry air, whilst maintaining the roots in nutrient solution.
The exposure of tomato plants to an air-stream at 2-4% relative humidity for 6 h caused a fairly rapid decline in shoot water content. Root water content, on the other hand, remained more or less unaffected throughout the experimental period, unlike situations where the root environment is chosen to impose water stress (Larsson, 1992) . The increase in transpiration rates in response to low humidity also differed from data obtained after lowering the water in the root environment (Larsson, 1992) . The maintenance of stable root water contents is in accordance with lower hydraulic conductivity in roots relative to shoot (Boyer, 1985) . The slight decrease in transpiration rate after 2 h was probably due to stomatal closure in response to the increase of vapour-pressure difference between the inside of the leaves and the ambient air . The continued high rates suggest a fairly large contribution from cuticular transpiration.
Nitrate reductase activity
In vitro nitrate reductase activity is known to be sensitive to external stresses such as water shortage. Lowered water potentials in the soil decreased in vitro NRA in the shoots (Plaut, 1974) , as did different osmotica in the nutrient solution (Heuer et cil., 1979) . Similar results were obtained by Talouizite and Champigny (1988) and Larsson et al. (1989) after addition of PEG to nutrient solutions. In both these studies decreased water contents were observed in shoots and roots of wheat. In the first case the treatment only inhibited NRA in the shoots, whereas in the second case NRA was inhibited in both roots and shoots. In contrast, Larsson (1992) reported no inhibition of shoot NRA during PEG treatment, although a substantial decrease in activity of the enzyme occurred in roots.
In this study, the shoot water content decreased by 20% when wilted, although there was no change in in vitro NRA in either shoots or roots when an EDTAcontaining incubation buffer was used. This is in accordance with results achieved by Kaiser and BrendleBehnisch (1991) who showed that decreased NRA in spinach leaves, wilted in a stream of air, was Mg 2 + -dependent, indicating phosphorylation of NR. The lightand water stress-modulation of NR is believed to be due to decreased CO 2 supply as stomata close (Kaiser and Brendle-Behnisch, 1991) .
Uptake of nitrate and N translocation
The 15 N-labelling data showed that uptake of nitrate was strongly inhibited by treatment with lowered air humidity. This conforms with results obtained in some studies with PEG-treated plants (Larsson et al., 1989; Larsson, 1992) , but other work has demonstrated a stimulation of nitrate absorption as a result of PEG treatment (Talouizite and Champigny, 1988; Smirnoff and Stewart, 1985) . Interpretation of such data should take into account the impact of the experimental treatment on shoot and wholeplant water relations. Larsson (1992) treated only half the root system with PEG, and this did not affect shoot water status or nitrate uptake by the treated root part. It was concluded that uptake was not significantly inhibited until a sufficiently large fraction of the root was treated to affect the water relations of the shoot. The data obtained here provide further evidence of the importance of shoot water status for nitrate uptake.
In plants supplied with adequate amounts of nitrate, it has been suggested that uptake is inhibited by accumulation of nitrate in a regulatory pool in the root (Siddiqi et al., 1990; Mattsson et al., 1991; Imsande and Touraine, 1994) . In osmotically stressed plants it could explain the decrease in nitrate uptake since removal of nitrate from the roots via the xylem decline as PEG is added to the solution and transpiration decreases (Larsson, 1992) . It is, however, less likely that this applies to the plants in this study, in which transpiration increases in response to low air humidity. An alternative explanation may be that nitrate uptake is inhibited by the absence of stimulating signals delivered from the shoot, or by translocation from shoots to roots of substances that inhibit uptake. It has been proposed that amino compounds regulate uptake through a pool circulating between roots and shoots (Cooper and Clarkson, 1989; Imsande and Touraine, 1994) . Under the present experimental conditions this seems unlikely, given that net translocation of newly absorbed N from shoots to roots is inhibited by low air humidity (Fig. 5) . Another putative regulator is ABA, known to increase in water-stressed plants ( Davies and Zhang, 1991) , but with less well-documented roles in N assimilation (Clarkson and Touraine, 1994; Brewitz et al., 1995) . Preliminary measurements showed that ABA increased substantially in our plants within an hour of stress in both shoots and roots (results not shown), although the mode of action and whether this originated from shoot or root remains to be elucidated.
In untreated plants, 91% of the recently absorbed nitrogen was translocated to the shoots (Fig. 5) , as nitrate and/or reduced nitrogen. The proportion of absorbed nitrogen translocated to shoots was approximately equal in the two experimental conditions, the main difference being the lower absolute amount absorbed by plants subjected to low air humidity. Usually there is substantial cycling of nitrogen between the different parts of plants, not only in plants that are well-nourished, but also in nitrogen-starved plants (Agrell et al., 1994) . In the 5-week-old tomato plants approximately 24% of the recently absorbed nitrogen reaching the shoots was retranslocated (net, i.e. excluding N cycling through the root) back to the roots (Fig. 5) , while no retranslocation at all was observed in stressed plants, which agrees with the data obtained with PEG-stressed (Larsson, 1992) and drought-stressed wheat (Nicolas et al., 1985) . The stress condition is even accompanied by a net loss of 15 N in receiver roots (Fig. 4) , clearly emphasizing that some of the N absorbed is being recycled from the root, whereas delivery from the shoot is inhibited.
Targeting stress to roots and shoots: comparative aspects
The results of this study have shown that it is possible to affect the shoot water content by reducing the ambient humidity, while not altering the root water content. Similarly, previous studies on wheat (Larsson, 1992) demonstrated with split-root techniques that the water content of a root could be decreased without affecting the shoot water content. Notwithstanding the side-effects of treatments and species differences, this approach offers a basis for comparison between the specific regulatory contributions of roots and shoots to the physiology of nitrate absorption in water-stressed plants. This reveals that uptake of nitrate is highly sensitive to shoot water stress and that the uptake by plants subjected to root water stress may also be regulated, at least partly, by the shoot. This suggests remote sensing by roots of shoot water status, although it does not provide a clue as to the mechanism. On the basis of the present results, it is unlikely that nitrate itself or N-intermediates downregulate nitrate uptake during water-stress via feedback or repression mechanisms. In both root-and shootstressed plants, phloem-delivery of recently absorbed N to roots is reduced. If this effect is not specific to phloem translocation of N, but applies to phloem translocation in general, it is unlikely to persist in the long term, since lack of carbohydrates would completely inhibit root growth. Data on regulation of nitrate reductase for rootand shoot-stressed plants are less consistent, partly due to lack of experiments on Mg 2 + -sensitivity.
